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Motivated by the discovery of the first high-energy astrophysical neutrino source, the blazar
TXS 0506+056, we revisit the IceCube flavor ratio analysis. Assuming large statistics from
identified blazars, collected in the forthcoming years by the IceCube detector and its successor
IceCube-Gen2, we demonstrate that the constraints on several new physics scenarios in which
the baseline dependent terms in neutrino oscillation probabilities are not averaged, can be
improved. As a representative case, we consider pseudo-Dirac neutrinos while neutrino decay
is also discussed.
I. INTRODUCTION
Multi-messenger astronomy has recently become one of the most exciting fields in astroparticle
physics. The recent discovery of gravitational waves [1] and electromagnetic radiation from a
neutron star merger [2], as well as the detection of the first high-energy neutrino with the accom-
panying γ-rays from blazar TXS 0506+056 [3] have indicated a great potential for an improved
understanding of various astrophysical sources as well as hinted at the exciting possibility for more
similar observations in the near future. The discovery of the first high-energy (Eν > 100 TeV)
neutrino from the blazar TXS 0506+056 is of great importance for neutrino physics since the pre-
viously identified astrophysical neutrino sources, Supernova 1987A [4] and the Sun, only have led
to the detection of Eν ∼ 1-10 MeV neutrinos. Moreover, it is now estimated at > 3σ that TXS
0506+056 has previously emitted several more high energy neutrinos. Despite current difficulties
with explaining these previously detected events with blazar models, more events, not only from
TXS 0506+056 but other blazars as well, are expected to be detected by IceCube in the future.
With a planned upgrade to IceCube-Gen2, the accumulation of events would be around ten times
faster than for the present observatory, and neutrinos from known blazar sources could eventually
be analyzed using techniques previously only applied to the full samples of high-energy starting
events (HESE) and through-going muons (TGM).
One such analysis is the study of flavor composition for high-energy neutrinos arriving at Earth.
This topic has been widely studied [5–33], especially after the discovery of the first high-energy
neutrinos by the IceCube collaboration in 2013. In this paper we focus our interest on the neutrino
flavor composition from individual blazar sources in the presence of new physics affecting neutrino
propagation. More specifically, we explore scenarios in which the source distance enters in the
calculation of neutrino flavor conversion. For instance, in the pseudo-Dirac neutrino model [34–
36], the operative mass squared difference ∆m2 between active and sterile neutrinos can be tiny, and
the effects from oscillations between such states could be observable in neutrino telescopes. This is
in contrast to complementary new physics models1 in which the terms dependent on propagation
distance get averaged because the baseline exceeds the coherence length.
In the absence of decoherence effects, not knowing the baselines limits the flavor compositions
at Earth that are predicted by new physics models. For models with baseline-dependent oscillation
a vbrdar@mpi-hd.mpg.de
b rasmus@mpi-hd.mpg.de
1 e.g. sterile neutrino with ∆m2 ∼ O(1) eV2 [28] or non-standard interactions where the oscillation phase depends
on the standard mass squared differences ∆m2 ∼ 10−3 , 10−5 eV2 [25].
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2probabilities, it is intuitively clear that the loss of baseline information must impact the flavor
composition qualitatively. Generally, any inferred constraints on new physics parameters from
neutrinos with unknown sources are less powerful and robust when compared to scenarios with
known sources.
Our working hypothesis is that, in the future, the detected number of high-energy neutrino
events from identified blazars will be sufficiently large to conduct a flavor ratio analysis. This
is feasible because blazars are not transient sources and repeated flaring episodes will lead to a
gradual accumulation of high-energy neutrinos.
This paper is organized as follows. In Section II we discuss the properties of high-energy
neutrino emission from blazars, e.g. the energy spectra and the flavor compositions at the source. In
Section III we conduct the flavor composition analysis and demonstrate for the case of pseudo-Dirac
neutrinos how knowing the neutrino sources improves the constraints on new physics parameters.
Finally, we conclude in Section IV.
II. ASTROPHYSICAL HIGH-ENERGY NEUTRINO EMISSION FROM BLAZARS
A blazar is an active galactic nucleus (AGN) with a relativistic jet pointed in a direction close to
the solar system resulting in very high luminosity and large variations in the signal over days, weeks
and months. The jet is powered by the accretion of matter onto a supermassive black hole (SMBH).
Due to beaming of the jet, the luminosity observed on Earth is much larger than the luminosity
emitted in the frame of the jet. A consequence of the beaming is that AGNs with a jet pointed
towards us look very different from AGNs where the jet is pointed away from us. Using the total
luminosity of the blazar, the spectral energy distributions (SEDs) in electro-magnetic radiation
can be described by the “blazar sequence” classification scheme. From low to high luminosity,
the classes are: high-frequency BL Lacs, low-frequency BL Lacs, and flat spectrum radio quasars
(FSRQs) [37, 38]. In this paper we will focus on BL Lacs which is the class that TXS 0506+056
falls into.
The SED of a blazar has a characteristic two-bump structure with one peak at low energies
(UV to X-rays) and a second at high energies (X-rays to γ-rays) [37]. The low-energy emission
is well explained by synchrotron emissions from relativistic electrons in the jet, but there are
various mechanisms for producing the high-energy radiation which generally fall into two types
of models: leptonic and hadronic. In leptonic models, the high-energy radiation is emitted by
Compton scattering of electrons on photons. The photons are created either by other parts of the
blazar or by the electrons themselves through synchrotron radiation. In hadronic models, protons
are assumed to be accelerated to high energies. The high-energy radiation is then produced by
synchrotron radiation from the proton as well as from the decay products of pions that come
from scattering either on photons (photohadron/photomeson) or on nuclei in gas clouds that cross
the jet (hadronuclear) [39]. Recently, lepto-hadronic models where both mechanisms are at play
have become popular [40–46], especially after the association of a high energy neutrino with TXS
0506+056 [3].
The production of high energy pions implies that blazars are sources of high energy neutrinos.
As a consequence, the observation of neutrinos can be used to distinguish between leptonic and
hadronic models [42, 44–46]. The neutrino flavor ratio from a blazar is expected to be (νe : νµ :
ντ ) = (1 : 2 : 0) both for photomeson production (see e.g. Fig. 12 in Ref. [47]) and for hadronuclear
production [48] under the reasonable assumption that muons are not losing a significant amount of
energy before they decay [49, 50]. In photomeson models, the density of gas is low, and the main
pion production stems from protons interacting with photons. In hadronuclear models, protons
interact with a dense gas, but the density is typically assumed to be low enough to allow muons
3to decay [51].
The physical extent of the emission regions in blazar jets can be estimated through the typical
time scale of variability in the signal of ∼ 1 day [40]. The variability arises due shock waves going
through clumps of matter in the jet with bulk Lorentz factor γ ∼ 10. The clumps must be of the
size Γtc ∼ 10−2 parsecs, where the Doppler factor Γ transforms between the boosted frame and the
observer frame and Γ ≈ γ for observing angles close to the jet direction. The protons are typically
Fermi accelerated: the proton crosses the shock front repeatedly and gains energy each time. The
maximal proton energy is therefore limited by the size of the accelerating region. With a size of
∼ 10−2 parsecs, the maximal energy is ∼ 10 EeV [40], comparable to the highest energy observed
for cosmic rays.
The neutrino producing region requires the presence of high energy protons and a high density
of photons in the case of photomeson production or a dense gas cloud in the case of hadronuclear
production. For the photomeson process, the appropriate environment is only found close to the
SMBH in the most popular models (in other models, neutrino emission occur in layers of the jet
further away from the SMBH, see e.g. [52–54]). For the hadronuclear process, the proximity to the
SMBH is not as obvious, but the size of the γ-ray emitting clouds can be estimated through the
total duration of a flaring period which is of order 100 days. Since the clouds move at v ∼ 104 km/s,
the size of the emission regions can be estimated to be ∼ 10−3 parsecs [51].
Although the size of individual emission regions can be constrained by the observed time scales,
regions relevant for different periods of flaring might be much further apart. However, the overall
extent of γ-ray and radio emissions can be determined to be O( parsec) using very-long-baseline in-
terferometry (e.g. [55]). Even with the very conservative assumption that neutrinos can be emitted
from a jet of galactic scale (kpc), we may assume that the neutrinos are essentially emitted from a
point source when comparing to the typical distance to blazars. The redshifts of observed blazars
are expected to be in the z ∼ (0.02−0.4) range [56] which corresponds to proper distances between
∼ 100 Mpc and 2000 Mpc. The redshift of TXS 0506+056 is 0.3365± 0.0010 [57] corresponding to
a proper distance of 1.741± 0.005 Gpc2.
The task of calculating the neutrino energy spectrum from a blazar from first principles is very
challenging since we do not have information on the exact physical conditions such as the spectrum
of the primary protons or the photon field. Instead, the neutrino spectrum is usually calculated by
relating it to the low-energy synchrotron peak and the γ-ray spectrum. The neutrino energy flux
can be described by [41]
Fν(Eν) = F0E
−s
ν exp
(
−Eν
E0
)
. (1)
Here, E0 is the peak energy of the neutrino spectrum which is in turn set by the peak in the
observed synchrotron spectrum, the redshift, and the Doppler factor, which can all be derived
from simulations of the SED. Typical values for E0 are 10 − 20 PeV. Based on self-consistent
calculations of the neutrino spectra, the spectral index is s = −0.35 ± 0.12 [59]. Finally, the
normalisation is given by
F0 =
Fν,totE
s−1
0∫∞
0 dxx
−s e−x
, (2)
where the total neutrino flux is related to the γ-ray flux: Fν,tot = Y Fγ(Eγ > 10
5 GeV). Typical
values of Y range from 0.1 to 2 [59]. The spectrum in Eq. (1) has a sharp cutoff above E0 ∼ 10 PeV
due to exponential suppression. At lower energies (below Eν = 0.5 PeV) blazars are only supposed
2 Throughout the paper we use Ωm = 0.315 and ΩΛ = 0.685 for the density parameters for matter and the cosmo-
logical constant [58], while we use H0 = 70km/(s Mpc) for the Hubble constant.
4to account for ∼ 10% of the IceCube neutrinos [41, 44, 56]. As it turns out, the neutrino associated
with TXS 0506+056 is at the lower border of this window having a most probable energy of
290 TeV with a 90% confidence interval from 183 TeV to 4.3 PeV [3]3. For the 13 ± 5 events
found between September 2014 and March 2015 in the direction of TXS 0506+056, the individual
neutrino energies are not reconstructed [60]. However, those that contribute most to the excess
in the likelihood analysis have most probable energies of 10 − 100 TeV with confidence intervals
covering at least an order of magnitude. Here, the large uncertainty in the neutrino energy stems
from taking into account that observed muons were produced at an unknown distance from the
detector (which is a defining property of the TGM [61] dataset). It is worthwhile to point out that
a large discrepancy between the energy deposited in the detector and the true neutrino energy
also occurs in neutral current interaction of neutrinos of all flavors, where a final state neutrino
can carry a significant portion of energy out of the detector [62]. The working hypothesis of our
analysis (presented in Section III) is that there will be a number of high-energy neutrino events
from blazars whose energy can be reconstructed with a precision of 10%-15% percent. This is
achievable in case of charged current interaction of muon or electron neutrinos inside the detector
volume. In such cases, the incoming neutrino energy practically matches the energy deposited in
the detector which can indeed be determined with the precision mentioned above [62, 63]. High-
energy neutrino events with such energy precision have already been measured: in the recently
published 6-year HESE data [64] there are 22 muon tracks and 58 showers (latter containing both
neutral and charged current events). The number of these events will increase in the forthcoming
years, and will be accumulated at higher frequency when IceCube-Gen2 and KM3NeT-ARCA are
constructed. It is relevant to point out that the angular resolution of muon track events is . 1◦,
whereas for showers the corresponding value is around 15◦. However, with IceCube Upgrade, the
resolution could improve to 0.1◦−0.2◦ and 3◦−5◦ respectively [65]. In the case of blazars, the time
correlation between the duration of a given flaring episode and the arrival time of shower events
gives additional identifying power. Such an analysis involving time information is currently being
done by the IceCube collaboration for track events, and a similar study involving shower events is
planned. In conclusion, it seems feasible to measure high energy neutrinos, arriving from blazars,
of different flavors with reasonably small energy uncertainty.
III. FLAVOR RATIOS
In this section we will employ one of the leading methods for constraining new physics scenarios
with IceCube data: the flavor composition of active neutrinos at Earth. As already discussed in
Section II, we focus on high-energy neutrinos from identified blazars such that the initial flavor
composition and baseline are known. As demonstrated in the previous section, the baseline uncer-
tainties arising from the finite size of individual emission regions as well as the separation between
different emission regions in a blazar are much smaller than the average blazar distance from Earth
and hence negligible.
Neutrino flavor composition at Earth is independent of the baseline in a standard 3-flavor
framework. This is because the oscillation length Losc = 4piEν/∆m
2, for mass squared differences
between the known neutrino mass eigenstates (∆m2solar ' 7.4×10−5 eV2, ∆m2atm ' 2.5×10−3 eV2)
and neutrino energies Eν ∼ 0.1 − 10 PeV, is much smaller than the baseline. Hence, the oscilla-
tions effectively average across such distances leaving no baseline dependence in the survival and
transition probabilities. This is also the case in models featuring light sterile neutrinos [66] with
∆m2 ∼ O(1) eV2 as well as non-standard neutrino interactions [67]. However, there are cases in
3 This is assuming the spectral index −2.13. Assuming −2.0, the central value is 311 TeV, and the limits are 200 TeV
and 7.5 PeV.
5which baseline dependence is not washed out when neutrinos propagate over large distances. Two
well-known representative scenarios are pseudo-Dirac neutrinos [34–36] and neutrino decay [68–70].
While this section is devoted to the testability of pseudo-Dirac neutrinos from observing neutrino
flavor compositions at Earth, we also refer to neutrino decay in Appendix A.
A. Model and Methods
In order to generate non-vanishing active neutrino masses it is common to introduce right-
handed neutrinos. The famous example is the type-I seesaw mechanism [71–74] where small neu-
trino masses are realized from typically very large Majorana masses, MN , of right-handed neutrinos.
Here we consider a complementary option, dubbed the pseudo-Dirac scenario, where the neutrino
mass term is dominantly of the Dirac type with a very small contribution from Majorana mass
terms. This yields three pairs of almost degenerate light states when three right-handed fields are
introduced. The strongest constraint on the level of degeneracy between active and sterile com-
ponents in each pair arises from solar neutrino measurements and yields ∆m2 . 10−12 eV2 [75].
With the high-energy neutrinos traveling across astrophysical distances, even smaller values can
be probed. In this section we present results for ∆m2 . 10−15 eV2.
The transition probability between active neutrino flavors α and β reads [36]
Pαβ =
1
4
∣∣∣∣ 3∑
i=1
Uαi
{
Exp
[
iΦ+i
]
+ Exp
[
iΦ−i
]}
U∗βi
∣∣∣∣2, (3)
where U is the PMNS matrix. The phase Φ+i (Φ
−
i ) is associated to the active (sterile) component
in the i-th pair and reads [36]
Φ±i =
∫ t0
t
dt′
[
(m±i )
2 + k2
(
a(t0)
a(t′)
)2 ]1/2
'
∫ t0
t
dt′
k
a(t′)
+
(m±i )
2
2
∫ t0
t
dt′
a(t′)
k
, (4)
where a is a scale factor and k is the neutrino momentum, while t0 and t denote neutrino emission
and detection time, respectively. In order to obtain the second equality, we defined a(t0) = 1 and
used (1 + x2)1/2 ' 1 + x2/2 for x ≡ m±i a(t′)/k  1.
If the distances involved in the neutrino propagation were comparatively small, a would not
deviate from 1 and Eq. (3) would reduce to [35, 76]
Pαβ =
1
4
∣∣∣∣ 3∑
i=1
Uαi
{
Exp
[
i(m+i )
2L
2Eν
]
+ Exp
[
i(m−i )
2L
2Eν
]}
U∗βi
∣∣∣∣2 , (5)
where L and Eν are the baseline and neutrino energy, respectively, whereas the mass of the active
(sterile) component in the i-th pair is denoted m+i (m
−
i ). This formula, however, is not applicable
for astrophysical neutrinos from blazars whose redshift distribution peaks around z ∼ 1. By
employing a(t) = 1/(1 + z) and the relation |dz/dt| = H0(1 + z)
√
Ωm(1 + z)3 + ΩΛ with which
the time integral can be transformed into an integral over redshift z, the difference between phases
given in Eq. (4) can be written as
∆Φi = Φ
+
i − Φ−i =
∆m2i
2Eν
c
H0
∫ z
0
dz′
(1 + z′)2
√
Ωm(1 + z′)3 + ΩΛ
. (6)
Here, we use the abbreviation ∆m2i = (m
+
i )
2 − (m−i )2 for states in the i-th pair. After averaging
over terms containing mass squared differences of the order of ∆m2solar and ∆m
2
atm, one finds that
6the flavor transition probability depends on ∆Φi [36]:
Pαβ =
3∑
i=1
|Uαi|2 |Uβi|2 cos2
(
∆Φi
2
)
. (7)
For the flavor ratio analysis, it is crucial to correctly infer the possible values of the last factor
in Eq. (7). Clearly, in the limit ∆Φi → 0 this factor yields 1, and there is no effective difference
with respect to the standard case with three active neutrinos. In a similar fashion, if ∆Φi  2pi
for all three generations, the factor averages to 1/2 leaving no observable effects in the flavor ratio
analysis. In the following, we are primarily interested in values of ∆m2i for which cos
2 (∆Φi/2) has
a non-trivial impact on the flavor composition.
Blazar sources are numerous and cos2 (∆Φi/2) should, in case the contributing sources are not
identified, be weighted by the redshift distribution R(z) (adopted from Ref. [41], Fig. 3). In order
to compare averaged and non-averaged results, we follow Ref. [36] and define effective value of
cos2 (∆Φi/2), henceforth dubbed the suppression factor
4 as
Seff (∆m
2
i , Eν) =
∫∞
z=0 dz
′R(z′) dVc/dz′
[∫
dE′ν cos2
(
∆Φi(E
′
ν ,z
′)
2
)
G(Eν , E
′
ν)
]
F(Eν , z′)/dc(z′)2∫∞
z=0 dz
′R(z′) dVc/dz′F(Eν , z′)/dc(z′)2
≡ Num(∆m
2
i , Eν)
Den(Eν)
. (8)
Here, dVc and dc are the comoving volume element and comoving distance, respectively, F is the
neutrino flux from blazars which we infer from the energy flux given in Eq. (1)5. We account for
the energy smearing in the detector by convoluting the oscillating term in the numerator with a
gaussian, G, that has a mean value centered at the true neutrino energy Eν and standard deviation
which equals 0.1Eν . The latter is a realistic energy uncertainty, as discussed in Section II. We have
also checked that the neutrino coherence is preserved for values of Eν , z and ∆m
2
i under consid-
eration. In what follows, the term in the square brackets will be denoted as 〈cos2 (∆Φi(Eν , z)/2)〉
for brevity.
Given that IceCube can detect neutrino energies in a certain range (Eminν , E
max
ν ), we also define
the energy averaged suppression factor [36] as
Seff(∆m
2
i ) =
∫ Emaxν
Eminν
dEν Num(∆m
2
i , Eν)∫ Emaxν
Eminν
dEν Den(Eν)
. (9)
Employing such averaging is appropriate for a comparison with current IceCube limits on flavor
ratios as the latter are calculated from a set of neutrino events with different energies.
Depending on whether an integral over energy and/or redshift is performed, cos2 (∆Φi/2) in
Eq. (7) is replaced by either Seff or Seff in order to account for the finite range of energies and
blazars at different redshifts that contribute to the signal. Let us note that Seff and Seff can also be
defined for a single known blazar (or a set of blazars) by dropping the integral over redshift leaving
only integration over energy smearing in the detector or integration over a full energy range. This
will be employed in Section III B where we will focus on comparing scenarios with known and
unknown baselines.
4 The motivation for this name stems from the comparison with the standard relation where only three active
neutrinos are involved. There, cos2 (∆Φi/2) is not present and hence for any cos
2 (∆Φi/2) 6= 1 we observe a
“suppression”.
5 The parameter s in Eq. (1) is fixed to the best fit value of −0.35 [41]. The energy E0 depends on redshift over
which we integrate in Eq. (8). We fix E0 = 17.5 PeV/(1 + z)
2 [41], where the value of the Doppler factor and
synchrotron frequency are taken to be 10 and 1016 Hz, respectively.
7After defining the suppression factors that enter in the transition probabilities, we can relate
flavor abundances at production and detectionXeXµ
Xτ
 =
Pνe→νe Pνe→νµ Pνe→ντPνe→νµ Pνµ→νµ Pνµ→ντ
Pνe→ντ Pνµ→ντ Pντ→ντ

X
in
e
X inµ
X inτ
 , (10)
where Xα (X
in
α ) represents the final (initial) relative abundance of high-energy neutrinos of flavor
α in the full set of observed neutrinos. As already discussed in Section II, the flavor ratios at
production are expected to be (X ine : X
in
µ : X
in
τ ) = (1 : 2 : 0) for blazars.
Let us briefly mention how the elements of PMNS matrix, which enter Eq. (7) and consequently
Eq. (10), are generated. Following Ref. [77] we define χ2 as
χ2 =
∑
ij=12,13,23
(
sin2 θij − (sin2 θij)bfp
σsin2 θij
)2
, (11)
where the best fit point (denoted bfp) and standard deviation for all three mixing angles are
adopted from Ref. [78] assuming normal mass ordering (the results are qualitatively similar for
inverted mass ordering). We require χ2 to be within the 99% CL, i.e. χ2 < 11.83. The Dirac CP
phase δ is taken to be random in our simulations since robust statistical results for this parameter
are lacking. The parametrization of the employed PMNS matrix in terms of mixing angles and
Dirac CP phase (Majorana phases are not observable) may be found in Ref. [79].
B. Results
In this section we present results of the flavor composition analysis obtained using tools intro-
duced in Section III A. We start off by comparing Seff (blue curve in Fig. 1a calculated by weighting
over blazar redshift distribution; see again Eq. (8)) and 〈cos2 (∆Φi(Eν , zB)/2)〉, both evaluated for
a fixed energy of Eν = 0.29 PeV which matches the most probable energy of the recently observed
neutrino from TXS 0506+056. We show 〈cos2 (∆Φi(Eν , zB)/2)〉 as a red curve for which we adopt
the measured redshift of TXS 0506+056, zB = 0.3365. In both curves we observe the expected be-
havior for very small and large values of ∆m2i . A small value of ∆m
2
i is equivalent to the standard
3-flavor scenario where the active-sterile oscillations do not develop. A large ∆m2i gives averaging
of the trigonometric function, i.e. picking up a factor of 1/2. Note that the figure is valid for each
of the three pairs of active and sterile neutrinos, scanned in the relevant range of ∆m2i .
The two curves are clearly out of phase and this is because the redshift distribution of blazars,
R(z), peaks around z ∼ 1, differing from zB ∼ 0.34. It is much more likely to observe γ-rays from
not so distant blazars at z < 1 (see in particular Fig. 3 in Ref. [41]) and therefore the presented
comparison is qualitatively robust when confronting a single identified source with neutrinos from
a distribution of unknown blazars. By considering all relevant values of ∆m2i , we see that the
maximal suppression is achieved for a single source (red curve) at a value of ∼ 10−17 eV2. The
shown Seff does not reach as small values since it is smeared over a distribution of redshifts whereas
the suppression factor for the single source is only smeared over the energy resolution of the
detector. Here we see the first advantage stemming from knowing a location of the source: The
accessible new physics parameter space opens up since the deviation of the suppression factor from
the value of 1 should be regarded as the deviation from the standard case involving only three
active neutrino states. This means that the total parameter space of possible flavor compositions
in scenarios where the sources are known is larger. In particular, in several identified regions such
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FIG. 1. (a) The blue curve shows Seff calculated using Eq. (8), whereas the red curve represents
〈cos2 (∆Φi/2)〉 for a single blazar at a distance of z = 0.3365. Both curves are shown as a function of
∆m2i . (b) The same quantities as a function of neutrino energy for fixed ∆m
2
i = 10
−17 eV2.
as for ∆m2i ' (8− 16)× 10−18 eV2, we observe that the red line is below the blue one, indicating a
parameter range where the suppression factor departs more strongly from the standard case for zB
than for the redshift distribution. At ∼ 11× 10−18 eV2 the difference is maximal and yields ∼ 0.8.
There is a caveat though: Although, seemingly, the pseudo-Dirac model can be robustly probed
using aforementioned arguments by performing a flavor analysis, note that the value of Eν used for
producing the figure is fixed to Eν = 0.29 PeV, and hence a number of events around that (or any
other) energy and similar redshifts is required. Alternatively, one can combine different energies
and redshifts, but similar ∆Φi in the same analysis. This will be achievable with large statistics in
case of which the IceCube collaboration may perform the analysis of the flavor composition as a
function of neutrino energy. Needless to say, the positions of the regions with maximal suppression
factor shift if different neutrino energies are considered; in other words the values of ∆m2i with the
strongest testability (provided enough events in a given bin) are altered for different values of Eν .
It is worth noticing that there is an uncertainty in the determination of Seff. By comparing our
integrated results for γ-ray bursts to Ref. [36], we find a deviation of ∆S ∼ 0.05. This is due to
the sampling of O(100) unidentified sources, employed in Ref. [36]. This influences the robustness
of present constraints in flavor ratio analysis for the considered model. There is no such problem
for identified sources as the redshift can be reliably taken into account.
In order to provide a more complete picture, Fig. 1b shows Seff and 〈cos2 (∆Φi(Eν , zB)/2)〉 for
∆m2i = 10
−17 eV2 as a function of neutrino energy. At the energy of 0.3 PeV, the discrepancy
between the curves is maximal (as can also be inferred from Fig. 1a), but becomes milder at higher
values of Eν .
To capture the energy-averaged effect, we show Seff (blue) in Fig. 2 as well as the energy-averaged
value of 〈cos2 (∆Φi(Eν , zB)/2)〉 for zB = 0.3365 (red; denoted as SEeff). We took (Eminν , Emaxν ) =
(0.1 PeV, 5 PeV), but have also checked that varying Emaxν by a factor of few does not yield qual-
itatively different results. As can be inferred from the figures, the energy averaged suppression is
not as large as the suppression shown in Fig. 1. This leads us to the conclusion that the energy
91 10 100 1000 10
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FIG. 2. Seff and energy-averaged value of 〈cos2 (∆Φi(Eν , zB = 0.3365)/2)〉 are shown in blue and red,
respectively. The integrals over neutrino energy are performed in range (Eminν , E
max
ν ) = (0.1 PeV, 5 PeV).
dependent analysis of the flavor composition is more promising for probing this model. To achieve
that, as already argued, one requires a large number of events in at least one of the energy bins.
This could nevertheless be possible, especially in light of proposed IceCube detector upgrades.
From Fig. 2 we infer that the maximal suppression for the distribution of unknown sources (a
single known source) is 0.45 (0.42). This still shows a minor but existing advantage in favor of
the scenario where the redshift of the blazar(s) is known. Note that the minima of both curves
in Fig. 2 lie at larger values of ∆m2i when compared to the first oscillation minima in Fig. 1a.
This is because Eν in Fig. 1a is fixed to a value smaller than 1 PeV. For Eν ∼ O(1) PeV, the
extrema would be shifted to larger ∆m2i , and such energies indeed dominate in the (E
min
ν , E
max
ν )
range employed for producing Fig. 2.
In Figs. 3a and 4a we present our results in terms of ternary plots where each of three sides
of a triangle represents a relative portion of a given flavor, Xα (α=e,µ, τ), in a set of high-energy
neutrinos detected at Earth. In Fig. 3a we consider the most general astrophysical scenario with
(X ine : X
in
µ : X
in
τ ) = (x : 1− x : 0), where x is generated randomly 105 times with a value between
0 and 1. In this way we are simultaneously taking into account several astrophysical high-energy
neutrino production mechanisms. Namely, for x = 0 we have (0 : 1 : 0) which corresponds to the
case where muons from pion decays rapidly lose energy and do not yield two additional high-energy
neutrinos in the decay. For x = 1/3 we have the pion decay case (1/3 : 2/3 : 0), whereas the neutron
decay source corresponds to x = 1 (1 : 0 : 0). To obtain the flavor compositions at Earth, we use
Eq. (10) with the transition probability Pαβ =
∑3
i=1 |Uαi|2 |Uβi|2 Si, where Si corresponds to the
suppression factor for an individual source with known redshift and for the i-th active-sterile pair.
These suppression factors are therefore analogues to Seff and S¯eff which we defined for unknown
distributions (see Section III A). The values of Si can be inferred from Figs. 1 and 2 (red curves).
As reported above, the maximal energy-averaged suppression gives Si = 0.42. The red region in
Fig. 3a corresponds to the maximal accessible range of flavor compositions at Earth in case energy
averaging is employed. To obtain this region we randomly generated Si 105 times (for all three
pairs simultaneously) between 0.42 and 1. This region can be compared to current IceCube flavor
composition constraint obtained by using the 6-year HESE sample only [80] (black solid and dashed
lines represent 68% and 95% CL, respectively). There is a significant portion of parameter space
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FIG. 3. (a) Each of the sides of a ternary plot represents the faction of neutrinos of a given flavor. The
flavor composition at the source is taken as (x : (1− x) : 0), where x is randomly drawn 105 times in the
range between 0 and 1. To obtain the red curve we consider suppression factors between 0.42 and 1 which
is the accessible range for a single source when the energy average is performed (see Fig. 2). The blue
range corresponds to the union of three sets, each of which obtained by varying suppression factor for i-th
active-sterile pair in (0.025, 0.3) range and fixing the two remaining ones to 1. For each value of neutrino
energy there are ∆m2i for which the suppression can reach such values. The shown regions are compared
with present HESE limits (black) and future (dark orange, dark brown) sensitivity of upgraded IceCube
detector. (b) Fraction of each flavor at Earth as a function of x. The figure confirms what is already visible
in (a), namely that the electron and muon neutrino fractions change more strongly than the tau fraction in
the viable parameter range.
that exceeds the 68% CL line. The testability will further improve with larger exposure and the
upgrade of the IceCube detector. The dark brown (dark orange) curve represents the sensitivity
of IceCube after 12 years of running (12 years of running+IceCube Upgrade6 [81]). However,
mapping from the excluded regions to an exclusion in ∆m2i is complicated by degeneracies between
the unknown electron flavor fraction at the source, x, and ∆m2i . To generate the blue region
shown in Fig. 3a, we revisit Fig. 1a from where we infer that a single source (red line) exhibits
stronger suppression than the distribution of sources for a substantial range of ∆m2i . We focus on
the region around ∆m2i ∼ 10−17 eV2 (strongest single source suppression) where the suppression
factor lies in the range Si = (0.025, 0.3). Such suppression values are achievable and experimentally
testable if the IceCube detector discovers several neutrinos of similar energy from a known blazar
or several neutrinos from different known blazars with the same ∆Φi. This phase does not need to
correspond to the benchmark point with Eν = 0.29 PeV. If it corresponds to a larger energy, e.g.
Eν ∼ few PeV, the corresponding value of ∆m2i for which such suppression factors are expected
shifts towards 10−16 eV2. We randomly generated Si between 0.025 and 0.3 for the i-th pair while
fixing S to 1 for other two pairs. The procedure is repeated for each of the three pairs and the
three regions are jointly shown as a blue region in Fig. 3a. This corresponds to the case where
neutrino oscillations between active and sterile neutrino occur in one pair, while for other pairs
they do not develop. We point out that the accessible region would be even larger if we fixed
6 Note that these future projections include both HESE and TGM sample; HESE-only sensitivity with IceCube
Upgrade is not currently available.
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FIG. 4. (a) Same as Fig. 3a, only for fixed initial flavor ratio (νe : νµ : ντ ) = (1 : 2 : 0) which is realistic for
blazars. The phase that is varied is indicated for each blue region. (b) Flavor compositions at Earth as a
function of 〈cos2 (∆Φi/2)〉.
Si = 1 for one pair and varied two other values simultaneously in the (0.025, 0.3) range. However,
this is a very specific case as it would require two out of three values of ∆m2i to be very similar
7.
For completeness, let us state that having all three ∆m2i of similar size would only yield a global
suppression factor of the neutrino flux and such a case is not observable in flavor composition.
We observe from Fig. 3a that the accessible range in the ternary plot features the largest
variation in the electron and muon neutrino fraction. This is also visible in Fig. 3b where we show
fractions of each flavor at Earth as a function of electron neutrino flavor fraction at the production,
denoted x. The mixing angles and Dirac CP phase are fixed to current best fit values for normal
ordering [78]. The solid (dashed) curve corresponds to 〈cos2 (∆Φ1/2)〉 = 0.2 (〈cos2 (∆Φ3/2)〉 =
0.2), while the values for the other two pairs are taken to be 1, i.e. oscillations are only present
in one pair of active-sterile neutrinos. Indeed, we observe that growth in the electron neutrino
fraction is accompanied with a similar drop in the muon neutrino fraction, while the fraction of
tau neutrinos is almost x-independent.
The results presented in Fig. 3a cover many different initial flavor compositions, but for a
blazar we expect the flavor ratio of emitted neutrinos to be (X ine : X
in
µ : X
in
τ ) = (1 : 2 : 0) [47–50].
In Fig. 4a we redo the aforementioned analysis for the flavor composition appropriate for blazar
neutrinos. When comparing blue and red regions between Figs. 3a and 4a, one notices that those
in the latter are smaller due to the more constrained flavor composition at the source. In fact, we
see in Fig. 4a that the three blue regions, originating from fixing two of the suppression factors
to 1 and varying the remaining one, are fully separated (Each region is marked by the varied
phase). To exclude or confirm any of the three blue regions, a sample of blazar neutrinos that
have energy and redshift corresponding to a narrow range of ∆Φi and with statistics comparable
to a 12-year HESE sample will be needed. Again, we generally find that the flavor compositions
in the accessible range differ in electron and muon flavor, whereas there is no large variation for
tau neutrinos. This may be also seen in Fig. 4b where we show flavor compositions at Earth
7 For neutrino decay, a similar coincidence is not required since a decay only happens once.
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as a function of 〈cos2 (∆Φi/2)〉. The solid (dashed) curves correspond to varying ∆Φ1 (∆Φ3),
while the phase differences of the remaining two pairs are assumed to be much smaller, such
that the oscillations between those states do not develop. When ∆Φ1 (∆Φ3) is varied, electron
fraction tends to increase (decrease) with 〈cos2 (∆Φi/2)〉, and for muon fraction it is vice versa.
Expectedly, both curves corresponding to a given flavor intersect at 〈cos2 (∆Φi/2)〉 = 1, case in
which the standard three flavor oscillation scenario is reproduced and the model of pseudo-Dirac
neutrinos is not testable. The flavor composition at Earth is then close to (1 : 1 : 1). The simple
dependence of the flavor compositions as a function of ∆Φi suggests a different way to test the
pseudo-Dirac model even if the statistics for one value of ∆Φi is insufficient to make an exclusion
in Fig. 4a. By dividing events into groups of different ∆Φi, the shape of Xα(〈cos2 (∆Φi/2)〉) can
be tested, and neutrinos of all energies and redshifts can be used to constrain the model.
In summary, in this section we explored the flavor composition analysis of the pseudo-Dirac
neutrino model (introduced in Section III A). In ternary plots we presented the accessible range
for a single blazar. We showed the case in which suppression factors are integrated over energy
yielding an “energy-averaged” information as well as the case for neutrinos of a similar energy
where, for particular values of mass squared differences, very large suppression factors are reached,
making the flavor composition analysis particularly sensitive.
IV. SUMMARY
The first association of a high-energy neutrino with a blazar suggests that many more neutrinos
in the future could be linked to known sources. While knowing the sources that yield the most
energetic neutrinos ever observed is a valuable information itself, there are plenty of more exciting
properties to be learned about such distant objects. In this work we take a complementary per-
spective and ask the following question: What can be learned about neutrinos if (blazar) sources
are known? In particular, we focus on beyond the Standard Model scenarios. We find that the
flavor composition analysis from IceCube may serve as a powerful probe of models in which the
baseline information is not washed out from the oscillation probabilities after neutrinos propagate
over astrophysical distances. While this is not the case for a number of beyond the Standard Model
extensions such as light sterile neutrinos and non-standard interactions, we infer that considera-
tions of pseudo-Dirac neutrinos in light of emission from known sources is relevant. For this model,
we have studied neutrino flavor transition probabilities by confronting scenarios with known and
unknown sources. The results from the latter are less reliable since drawing from a theoretically
postulated redshift distribution cannot map the real physical situation. We have presented our
results in the form of ternary diagrams where fractions of each neutrino flavor at Earth are shown.
As a benchmark, we took TXS 0506+056 at z = 0.3365 and assumed a significant number of events
with similar source redshift and energy, but better energy resolution. This is required before our
calculated regions can be successfully confronted with observations. We presented both energy-
averaged scenarios as well as the cases for a fixed energy. Both cases could be probed by IceCube
in the future. The latter yields larger number of possible flavor compositions when focusing on a
certain range of model’s parameters, i.e. the deviations from the standard 3-flavor oscillation result
increase. In conclusion, the baseline information, i.e. identification of high-energy neutrino sources
is relevant when considering models where the oscillation length is comparable to the propagated
distance.
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FIG. 5. Same as Figs. 1a and 2 for the case of neutrino decay.
Appendix A: Neutrino decay
In Section III B we focused on the pseudo-Dirac neutrino model, but there are other scenarios
where the baseline dependence may not be washed out in the course of propagation from the known
(blazar) source to Earth. One such example is neutrino decay where the propagating distance is
dependent on the neutrino lifetime. Following Ref. [69], we infer that the neutrino transition
probability (which is for pseudo-Dirac neutrinos is given in Eq. (7)) for neutrino decay8 reads
Pαβ =
3∑
i=1
|Uαi|2 |Uβi|2 Exp
[
− κ
Eν
c
H0
∫ z
0
dz′
(1 + z′)2
√
Ωmatter(1 + z′)3 + ΩΛ
]
, (A1)
where κi is the ratio of neutrino mass mi to the rest-frame lifetime τi of the mass eigenstate
νi (i = 1, 2, 3). The current leading bound on κ1 stems from Supernova 1987a and yields κ1 . 10−5
eV/s [69]. With astrophysical neutrinos such values cannot be probed, however leading constraints
on the decay of the heavier two neutrino mass eigenstates could be set.
Effectively, when comparing Eq. (7) with Eq. (A1), the transition probability in the invisible
decay model is obtained by making a replacement cos2(∆m2i /4...) → Exp[−κi...] ≡ Exp[−ΦD].
Hence, the treatment for obtaining suppression factors (Seff,S¯eff) for the neutrino decay model is
analogous to the one presented in Section III by employing the above replacement. In Fig. 5 we
show the analogue of Fig. 1a and Fig. 2 for the case of neutrino decays. Both panels show a
comparison between a single known blazar and a number of unidentified blazars assumed to follow
the R(z) distribution (hence the blue lines in both panels are obtained by making an integral over
redshift, see Eq. (8)). In Fig. 5a we fix the energy to Eν = 0.29 PeV and in Fig. 5b the energy
integral is performed in the range (Eminν , E
max
ν ) = (0.1, 5) PeV. From both panels we observe that
the relevant values of κi, for which the suppression factors are not trivial (i.e. equal to 1) are
κ & 10−4 eV/s. As in the pseudo-Dirac scenario, we observe an apparent difference between the
8 We assume for simplicity invisible neutrino decays, i.e. no transitions between neutrino mass eigenstates.
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suppression factors when comparing the cases with identified sources and the assumed distribution
of unknown sources. This essentially confirms our conclusions from Section III that studying known
sources may alter the predictions on the viable values of the parameters ∆m2 (pseudo-Dirac) and
κ (neutrino decay).
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